In this study, we investigated the prognostic value of MRI contrast enhancement (CE) at the time of histological diagnosis specifically in a selected population of WHO grade II gliomas. We reviewed 927 histologically proven WHO grade II gliomas for which contrast-enhanced MR images were available at the time of histological diagnosis. CE patterns were classified into three categories: "patchy and faint," "nodular-like," and "ring-like." CE progression over time was recorded before oncological treatment on successive MR images, when available. CE was present in 143 cases (15.9%), with 93 patchy and faint, 50 nodular-like, and no ring-like patterns. CE areas were time progressive before oncological treatment in 35 of the 56 available cases (62.5%). Regardless of its pattern, the presence of CE was not significantly associated with a worsened prognosis (p 5 0.415) by univariate analysis. Only the nodular-like pattern of CE (p , 0.01) and the time-progressive CE (p , 0.001) in the available ). subgroup proved to be statistically associated with survival since first oncological treatment. The present results show the necessity, in cases of WHO grade II gliomas, to study CE at the time of histological diagnosis and, whenever possible, to follow its progression over time before oncological treatment. Nodular-like CE and timeprogressive CE are associated with a worsened prognosis, both suggesting malignant transformation, even though histopathological examination cannot initially disclose signs of malignancy in those areas.
contrast-enhancing tumors. [2] [3] [4] [10] [11] [12] [13] However, contrast enhancement (CE) has been reported at various frequencies, [2] [3] [4] 6, 10, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and the prognostic significance remains controversial. [12] [13] [14] [15] [16] [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] The aim of the present study was to investigate the prognostic value of CE on MR images, as determined in daily practice at the time of histological diagnosis, specifically in the selected population of WHO grade II gliomas. To address this issue, we reviewed a large homogeneous series of histologically proven WHO grade II gliomas for which contrast-enhanced MR images were available at the time of histological diagnosis.
Materials and Methods

Selection Criteria
We reviewed a consecutive series of patients with a diagnosis of glioma included between 1992 and 2007 in a French glioma study group (Réseau d'Etude des Gliomes). Patients included met the following criteria: (1) 18 or more years of age at the time of histological diagnosis; (2) histological diagnosis of supratentorial hemispheric WHO grade II glioma obtained before oncological treatment (astrocytoma, oligodendroglioma, and mixed glioma; gemistocytic astrocytoma and glio-matosis cerebri excluded); 1 (3) histological samples targeting the CE areas in contrast-enhanced tumors (Fig.  1) ; and (4) available contrast-enhanced MRI performed less than 1 month before histological diagnosis.
Assessment of CE
MRI was performed prior to histological diagnosis in all cases with 1.5-T magnet systems at various institutions. Contrast-enhanced T1-weighted images were obtained approximately 10 min after injection of gadopentetate dimeglumine at the routine clinical contrast material dose (0.1 mmol/kg of body weight) in the same plane as used for the non-contrast-enhanced images.
MR images were reviewed independently by two investigators (L.C., J.P.) blinded to individual prognoses. In cases of discrepancies, MR images were reevaluated by both investigators until a consensus was reached. The following CE characteristics were evaluated by visual assessment: (1) CE: "present" versus "absent"; (2) pattern of CE: "patchy and faint" versus "nodular-like" versus "ring-like"; (3) areas of CE: "unique" versus "multiple"; and, when available, (4) CE change over time: "stable" versus "progressive." The patchy and faint pattern was defined as a minimally or moderately intense, heterogeneous and not well-defined area of CE, regardless of its size ( Fig. 2A, B ). The nodular-like pattern was defined as a homogeneous and well-defined area of CE giving a nodular appearance, regardless of its intensity (Fig. 2C,  D) , and the diameter of the CE nodular area was measured. The ring-like pattern was defined as a nodular CE with a contrast-enhanced border surrounding a central focus of hyposignal, regardless of the size and the regularity in shape of the nodule and the intensity of CE ( Fig. 2E , F). The progression of CE over time was estimated on consecutive MR images obtained before first oncological treatment (FT) and was defined by (1) the occurrence of new CE in a previously non-contrastenhanced tumor, (2) the progression of CE pattern from patchy and faint to nodular-like and from nodular-like to ring-like, (3) an increase in size of the CE area, or (4) an increase in the number of CE areas ( Fig. 3 ).
Histological Analysis
Histological diagnosis was obtained from routine histological analyses according to the WHO classification. 1 For the purpose of this study, a random histological review was performed by a neuropathologist (M.K.) blinded of individual MRI findings and prognoses.
Statistical Analysis
To allow comparisons with prognostic factors previously proposed, the end point of the study was the survival since FT. 29 Comparisons among groups were performed using  2 tests for categorical variables and the Kruskal-Wallis and the Mann-Whitney U-tests for continuous variables. Survival curves were obtained using the Kaplan-Meier method. Comparisons of survival curves according to various parameters were performed using the median age was 38 years (mean, 39.5 years; range, 18-73 years), 20 patients were asymptomatic, 809 had seizures, 123 had chronic headaches, and 101 had associated neurological deficits. The median tumor volume measured on MR images, based on the maximal visible abnormalities on T2-weighted or FLAIR (fluid attenuated inversion recovery) sequences, was 64.2 cm 3 (mean, 84.2 cm 3 ; range, 2.7-460.1 cm 3 ) and tumor midline crossing was present in 48 cases.
Histological diagnosis was obtained by 278 biopsy procedures and 649 surgical resections. There were 547 grade II oligodendrogliomas (59.0%), 215 grade II astrocytomas (23.2%), and 165 grade II mixed gliomas the log-rank test. Multivariate analysis was performed using the Cox model (backward stepwise method). Significance was set at p , 0.05. Analyses were performed with JMP 5.2 statistical software (SAS Institute Inc., Cary, NC, USA).
Results
Clinical, Morphological, and Histological Data
The series under study included 927 patients (516 males and 411 females). At the time of histological diagnosis, (17.8%). 1 Random histological reviews were performed in 234 cases (25.2%). The median interval between histological diagnosis and FT was 3.0 months (mean, 12.0 months; range, 0.0-108.0 months).
CE Analysis
Tumor CE was present in 143 of the 927 grade II gliomas (15.9%), with 93 patchy and faint, 50 nodular-like, and no ring-like patterns of CE ( Table 1 ). The median diameter of the nodular-like areas of CE was 1.4 cm (mean, 1.7 cm; range, 0.4-4.0 cm). Multiple areas of CE were present within the tumor volume in 33 cases. The possibility of studying the progression over time was available only in 56 cases, for which we had consecutive MRIs before FT. The duration of follow-up is the interval during which consecutive MRIs were performed before FT.
Interinvestigator discrepancies were observed initially in 33 cases. Sixteen mismatches between patchy and faint and nodular-like patterns were finally included as 4 nodular-like and 12 patchy and faint patterns. Seventeen mismatches between patchy and faint patterns and absence of CE were finally included as 12 patchy and faint patterns and 5 with absence of CE. No mismatches between nodular-like pattern of CE and absence of CE were observed.
At the time of histological diagnosis, there were no statistically significant differences between the subgroups of CE pattern regarding clinical findings, the presence of a midline crossing, and the random histological review ( Table 2 ). The tumor volume was statistically higher in the patchy and faint subgroup than in the other subgroups (p 5 0.004). The histological classes varied among subgroups, with statistically more mixed gliomas and statistically fewer astrocytomas in the nodular-like subgroup than in the other subgroups (p 5 0.028). The interval between histological diagnosis and FT was statistically shorter in the nodular-like subgroup than in the other subgroups (p 5 0.022).
Survival Analysis
The Table 3 . In univariate analyses, regarding the CE characteristics, only the presence of a nodular-like pattern and the presence of progressive CE over time were statistically associated with survival since FT ( Table 4 , Fig. 4 ). Presence of CE regardless of its pattern, patchy and faint CE pattern, multiple areas of CE within the tumor volume, and size of the nodular-like areas of CE (cutoff at 2 cm in diameter) did not reach statistical significance for survival from FT (Table 4 ). Regarding commonly listed risk factors, 6, 29 tumor volume (cutoff at 6-cm diameter) and presence of neurological deficit proved to be statistically associated with survival since FT ( Table 4 ). Presence of midline crossing, age at histological diagnosis (cutoff at 40 years), and histological diagnosis (oligodendrogliomas and mixed gliomas vs. astrocytomas) did not reach statistical significance for survival from FT (Table 4 ).
In multivariate analyses, midline crossing, tumor volume, and histological diagnosis proved to be independent prognostic factors significantly associated with survival since FT in the whole series. Presence of a nodularlike CE pattern, presence of time-progressive CE, age at histological diagnosis, and presence of neurological deficit did not reach statistical significance (Table 4 ).
Discussion
In this retrospective study, we identified CE, as determined in daily practice, at the time of histological diagnosis in about 16% of the 927 WHO grade II gliomas under study. Survival analysis demonstrated that the presence of CE alone, regardless of its pattern, had no prognostic value and that only the presence of a nodularlike CE pattern or of progressive CE over time, both suggesting malignant transformation, were associated with a worsened prognosis. These parameters were statistically significant in univariate analyses but failed to reach significance in multivariate analyses, perhaps due to small numbers of cases in the subgroups or to the interrelations with other parameters.
WHO grade II gliomas are typically non-contrastenhancing tumors; 2-4,10 -13 the presence of CE at the time of histological diagnosis has been reported with a frequency ranging from less than 10% to more than 50%. [2] [3] [4] 6, 10, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] When present, CE has been usually described as heterogeneous, patchy and faint, and rarely with nodular-like or ring-like patterns. 2, 10 The prognostic significance of CE on MR images at the time of histological diagnosis has been controversial for the subgroup of WHO grade II gliomas, being reported as a negative factor in several studies [12] [13] [14] [15] [16] 21, 22, [25] [26] [27] and as without prognostic significance in others. 4, [18] [19] [20] 28 The discrepancies observed between the reported frequencies of CE suggest that tumors might have been misdiagnosed and misgraded as WHO grade II gliomas, especially in the oldest studies. In such cases, the prognostic value of CE becomes meaningless. Several malignant gliomas may have been undergraded due to the limitations of histological sampling. 2, 6, 12, 13, 30 This is illustrated by the presence, in reported studies of WHO grade II gliomas, of tumors with a clinical progression closer to that of a malignant glioma 6, 20, 30, 31 and of tumors with ring-like CE surrounding a central focus of hyposignal with a typical geographic map appearance, which is classically a hallmark of high-grade malignancy. [11] [12] [13] 32, 33 In contrast, some studies included all low-grade tumors, such as WHO grade I pilocytic astrocytomas and dysembryoplastic neuroepithelial tumors, which are known to be, in part, contrast enhanced. 1, 34, 35 In the present study, we tried to avoid any bias by drastic selection of histologically proven WHO grade II gliomas and requiring histological sampling of the CE areas. The risk of sampling error remains, but both the absence of ring-like CE patterns in the present study and the observed frequency of 15.9% of contrast-enhanced tumors, in accordance with the reported frequency in recent studies of WHO grade II gliomas, argue for a correct histological sampling in the present study. 2, 15 The use of imaging criteria as the macroscopic scale of tumor analysis has been proposed to overcome limitations of histological sampling. 12, 13, 32 In their original approach, Daumas-Duport et al. demonstrated that the presence of CE, reflecting areas of neoangiogenesis, has the same prognostic significance as the presence of endothelial hyperplasia on histological analysis. 12, 13, 32 These observations form the rationale of an alternative classification and grading of oligodendrogliomas using additional imaging criteria. 12, 13, 32 Such an approach implies the use of reproducible definition criteria for CE as used in this study. However, clear, common, and reproducible criteria describing characteristics of CE on MR images are still lacking. In reported studies, CE is generally defined as present, absent, or doubtful, and specific features are rarely studied. 3, 6, [12] [13] [14] [15] [16] [17] [19] [20] [21] [22] 25, 26, 28 Consequently, such studies could not link patterns of CE and tumor behaviors. The present study indicates that CE patterns might reflect underlying biological proper-ties, corresponding to different glioma subgroups that vary in their natural history and will consequently have different prognoses. Indeed, time-progressive CE and a nodular-like pattern of CE may correspond to active processes leading to malignancy, including neoangiogenesis, as previously proposed, 13, 21 even though histopathological examination failed to disclose signs of malignancy. Additionally, the patchy and faint pattern of CE may reflect only the inherent vascular properties of the tumor. Moreover, transient postictal imaging abnormalities can occur after seizures, which include a transient CE extending from the tumor bed into the surrounding parenchyma. 36 Thus, MRI performed shortly after an ictal event may present a false CE area. In the present study, 809 patients experienced seizures, and several patchy and faint areas of CE, without prognostic significance, could have been transient postictal CE. However, 38 of the 93 MR images with patchy and faint CE also included longitudinal MRI follow-up before FT, and all had patchy and faint CE on the second MRI as well.
The main reason for the interinvestigator discrepancies in CE pattern determination is that comparisons are subjective and difficult because qualitative evaluation of CE characteristics on MR images were performed at various institutions using different protocols. Moreover, printed as well as digitized images were available that did not allow quantification of CE characteristics. Consequently, the proposition of universally accepted definition criteria for CE requires the development of reproducible quantitative criteria through a standardized methodology.
In the present study, we found that only the presence of a nodular-like CE pattern and time-progressive CE were associated with a worsened prognosis in a large population of histologically proven WHO grade II gliomas. As a direct consequence, we recommend that the pattern of CE and, when possible, its progression over time be determined for each patient to help identify tumors with a higher risk of malignant behavior. From a practical point of view, qualitative criteria for CE are not sufficiently reliable, thus arguing for the development of reproducible quantitative criteria that might be incorporated in a multiscale glioma grading scheme. 6 In this regard, relative cerebral blood flow measurements from dynamic susceptibility MR perfusion imaging have been shown to be correlated with histological measurements of microvascularity in gliomas. It thus appears to be a promising tool in helping to identify gliomas that are at high risk of malignant transformation, even if they were histologically diagnosed as WHO grade II gliomas. 30, 37 
